This study evaluated effects of a low earth orbit (LEO) space environment on properties of a solid lubricant used for space applications. The tested lubricant was a bonded MoS 2 film with organic binder. The film was exposed to a real LEO space environment aboard the International Space Station (ISS) by the Space Environment Exposure Device (SEED) experiment for about 1400 days. Additionally, it was irradiated individually with atomic oxygen (AO), ultraviolet rays (UV), and electron beam (EB) on the ground. Fluences of these factors corresponded to exposure to the LEO environment by the SEED experiment. Friction tests in vacuum and surface analyses were carried out for the samples. Tribological behavior of the different samples was measured using classical reciprocating pin-on-flat friction tests. Furthermore, XPS analysis was performed for the film surface and rubbing tracks of the samples. Results show that the friction coefficient decreased by AO irradiation at an early stage of the tests. It resembled the result of the film exposed to the real LEO environment.
Introduction
Degradation of materials in extreme environments is a critical subject related to the reliability of different mechanical systems in space. Especially in a low earth orbit (LEO) environment, various factors (e.g., atomic oxygen (AO), ultraviolet rays (UV), and radiation) affect materials strongly. Their effects on solid lubricants also pose an important problem. Based on their excellent properties in vacuum, molybdenum disulfide (MoS 2 ) films have been widely used as solid lubricants for space applications. However, degradation of their properties in an oxidizing environment is well known 1, 2) . Active atomic oxygen on LEO seems to be a serious problem for the films. Effects of ultraviolet rays and radiation remain unknown. Various evaluations (e.g., Exposed Facility Flyer Unit (EFFU) and Evaluation of Space Environment and Effects on Material (ESEM)) were performed by experimental exposure to a LEO environment [3] [4] [5] [6] [7] [8] [9] [10] [11] and evaluations using an atomic oxygen exposure device on Earth have been reported [12] [13] [14] [15] [16] [17] [18] . However, in those reports, various results related to the friction coefficient and wear life are reported. Many aspects of effects of the LEO space environment on tribological characteristics of solid lubricants, e.g. processes of change and further effects of long duration, remain unknown.
Several materials for space applications were exposed to a LEO space environment by Service Module / Space Environment Exposure Device (SM/SEED) experiment aboard the International Space Station (ISS) to evaluate the effects of a real space flight environment on the materials. A MoS 2 film acting as solid lubricant coating was also selected as an experimental material used in the SM/SEED experiment [19] [20] [21] . In addition, the film, which was coated at the same time as the SM/SEED flight sample, was also irradiated with atomic oxygen (AO), ultraviolet rays (UV), and electron beam (EB) individually on the ground. The fluences corresponded to exposure to the LEO environment around the ISS by the SEED experiment. Using the samples, friction tests in vacuum and surface analyses were carried out. The results for sample exposed to LEO, samples irradiated with AO, UV, and EB, and a reference sample were compared to elucidate effects of long-term exposure and effects of respective factors on characteristics of the solid lubricant film. 
Experimental Details

Specimen
The solid lubricant evaluated in this study is a molybdenum disulfide (MoS 2 ) bonded film, which is currently used for space applications. An organic binder, polyamide-imide, is used for the film; that material constitutes about 65% of the film. The film thickness was about 10 µm. Titanium alloy was used as the test specimen substrate. The specimen shape and the exposed area in the coating are portrayed in Fig. 1. 
LEO environment and ground test conditions
The exposure experiment of the SM/SEED started in October 2001. Three sets of pallets having tested specimens on the ISS in orbit and the position of the samples in the pallet are presented in Fig. 2 . One pallet of SEED specimens, which was exposed to the LEO environment for the longest period, was retrieved into the interior of the ISS in August 2005. The exposure duration was 1403 days. The average altitude of the ISS estimated from real flight data for these days was 370.8 km. The inclination was 51.6 deg. Values of effective factors, atomic oxygen, ultraviolet rays, and radiation, as calculated from the altitude and attitude of the ISS were, respectively, 8.41 × 10 21 atoms/cm 2 , 271 Equivalent Solar Days (ESD), and 12.8 × 10 2 Gy. Actually, ESD as a unit of ultraviolet rays can be converted as 9.2 × 10 6 J/m 2 . The total dose of radiation is estimated at the point of surface density of 0.01 g/cm 2 . The specimens were irradiated individually with atomic oxygen (AO), ultraviolet rays (UV), and electron beam (EB) to compare the real space environment and simulated environment on the Earth. Fluences of these factors corresponded to exposure to the LEO environment around the ISS by the SM/SEED experiment for 1403 days.
In this paper, we designate the sample exposed to the LEO environment as the flight sample and samples irradiated with effective factors on the ground as AO, UV, and EB samples, respectively.
Tribological tests
Friction tests were performed using a tribometer, which has a pin-on-flat configuration. Sliding between a flat and counterpart specimen was done using a reciprocating linear motion. As a counterpart specimen, a 7.94 mm diameter ball was used. The ball specimen material was 440C stainless steel. The sliding speed and length were, respectively, 10 mm/s and 10 mm. The applied load was 2 N. Three friction tests were performed for each sample, having 2,000, 20,000, and 100,000 sliding strokes.
Surface analysis
The XPS analyses were carried out for surface of the reference sample, flight sample and AO, UV, and EB samples. Rubbing tracks after friction tests were also analyzed for the flight sample. X-rays images of monochromatic Al K were used. They were focused to 100 µm for film surfaces and 20 µm for rubbing tracks.
Results and Discussion
Tribological characteristics
Typical friction behaviors of five samples--flight (exposed), AO, UV, EB, and reference (non-exposed) samples--are depicted in Fig. 3 . Raw data of the first 20 strokes are portrayed in Fig. 4 to show the difference in friction behavior at the beginning of the tests. The bottom graphs in these figures compare results of two friction tests for two reference samples. The gray line shows friction behavior obtained from the test for one sample immediately after start of the SM/SEED experiment. The black line shows that for another sample after retrieval of the SM/SEED pallets. The friction coefficient of the reference samples started from about 0.1, then stabilized to 0.03. No significant differences were found between the two friction behaviors. In this study, keeping of the sample in a desiccator box did not affect the friction property of the film. The other four graphs show a comparison of friction of samples exposed to real and simulated space environment with that of reference sample tested after retrieval. The friction coefficient in the first stroke for the flight sample was higher than that of the reference sample. However, thereafter up to 5,000 strokes, the friction coefficients of the flight samples were lower than that of the reference sample. The values were approximately 0.02 at the beginning of the tests and 0.03-0.04 at 20,000 strokes. A lower friction coefficient at early stage of the friction test was also obtained for the AO sample. This friction behavior resembles the behaviors of the flight sample. The friction coefficient of UV sample also decreased at an early stage, but it was higher than the reference at steady-state of friction test. For the EB sample, changes in friction behavior were not observed.
Observation and surface analysis
Photographs of film surfaces and wear tracks taken after friction tests using an optical microscope are presented in Fig. 5 . The film surfaces as shown by SEM observation are depicted in Fig. 6 . Changes in the film color were observed for the flight and the AO sample in comparison to the reference. Differences in aspects of the flight and the AO sample from the reference were found also by SEM observation. Especially, it can be recognized for the flight sample despite low magnification. The shape edge, which was observed for the surface of the reference and EB sample, was not observed for the flight sample.
Concentrations of carbon, oxygen, molybdenum and silicon obtained from XPS analysis for film surfaces of five samples and wear tracks of flight sample after 2,000, 20,000, and 100,000 sliding strokes are depicted in Figs. 7 and 8. Much silicon was detected only from a flight sample. It seemed to adhere to the film after being cast as contamination from somewhere on the ISS. This silicon contamination probably decreased detection of molybdenum and carbon from the flight sample surface. However, the carbon concentration of the surface of AO sample also decreased and oxygen concentration of flight and AO sample increased. The result of XPS analysis for the AO sample resembled that for the flight sample, except for detection of silicon. Regarding analyses of wear tracks of the flight sample, silicon contamination detected from the surface drastically decreased on track of 2,000 strokes and then gradually decreased as the number 
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of strokes increased. Considering concentrations of other elements, the influence of exposure to LEO remained slightly at the point of 2,000 strokes. Thereafter, the surface condition of the rubbing track was approximately the same as that for the non-exposed (reference) sample. Figure 9 presents a comparison of peaks of Mo 3d from XPS analysis. Peaks of Mo (VI) were observed on the film surface for flight and AO samples, although peaks of molybdenum for UV, EB and reference samples were Mo (IV). Molybdenum seemed to change MoS 2 to MoO 3 because of atomic oxygen on the orbit and the ground test. Mo (VI) peak remained on the rubbing track of only AO sample after 20,000 strokes.
Discussion of long-term exposure effects
The main factor for change in friction properties is estimated to be oxidation of MoS 2 pigment by atomic oxygen from results of the flight and the AO samples. In addition, UV irradiation affected friction properties, although no differences were obtained from surface analyses. Mechanisms of the UV effect on the bonded film seemed to differ from the AO effect. In fact, UV probably affected the polyamide-imide binder material because of hardening of the organic material 8) . In this study, the exposure duration to the LEO environment was much longer and fluence of effective factor in the orbit and at the ground tests were greater than those of previous Japanese exposure experiments: EFFU and ESEM. However, removal of the film from the interface for the substrate or crumbling of the film itself was not observed. Contamination detected in this study probably affected friction properties, especially friction at the beginning of the tests. It possibly also acted as (E) reference sample protection against AO and UV in the orbit. Actually, in moving mechanisms in spacecraft, some solid lubricants must function during exposure to the LEO environment. Effect of the LEO environment on lubricants in space is expected to be more severe than the result obtained in this study. Active evaluation, e.g. friction tests in space, is necessary to achieve high reliability of lubricants.
Summary
A bonded MoS 2 film was exposed to a LEO environment for a long period and was irradiated with atomic oxygen, ultraviolet rays, and electron beam on the ground. Their tribological characteristics were evaluated. Consequently, the following were found.
(1) The LEO-exposed (flight) sample had a lower friction coefficient than the reference sample at an early stage of friction tests. Much silicon contamination was detected on the flight sample surface.
(2) The friction coefficient of the AO-irradiated sample showed similar behavior to that of the flight sample. Oxidation of the film surface was observed for the AO sample and the flight sample. (3) The friction coefficient of the UV-irradiated sample differed from that of the reference, although clear differences from XPS analysis were not observed. (4) Friction tests and surface analyses revealed no significant differences between the EB-irradiated sample and the reference. 
